Abstract. Nanoparticle technology refers to research and technology developed at the atomic or molecular level for materials of approximately 1-100 nm in length. Through accidental or involuntary exposure, nanoparticles are potentially toxic to the body, including reproductive organs. Ovarian granulosa cells play a major role in maintaining ovarian function, health, and female fertility. Since these cells are involved in steroidogenesis, we wished to evaluate whether nanoparticles affected them after traversing their membranes. Cells were co-incubated with 10 nm gold particles for up to 24 h. Transmission electron micrographs were taken of GC treated with 10 nm gold particles in order to compare and contrast ultrastructural locations of nanoparticles with treatment. From micrograph comparisons of treated vs. untreated GC at various culture times, it appeared that some intracellular organelles involved in steroidogenesis were infiltrated and/or altered due to the presence of the nanogold particles. Medium samples were taken in order to determine estradiol-17beta (E2) accumulation/secretion by untreated vs. treated cells. GC incubated with 10 nm nanogold particles for 1, 3, or 5 h were found to accumulate significantly increased amounts of estrogen compared with untreated cells. Conversely, at 24 h there was a significant attenuation with respect to controls. The data presented here provide insight into the toxicologic effects gold nanoparticles elicit on ovarian granulosa cells. Key words: Estrogen, Granulosa cells, Nanoparticles, Steroidogenesis, Transmission electron microscopy (J. Reprod. Dev. 55: [685][686][687][688][689][690] 2009) anomaterial technology has become a dynamic and exciting topic in biology over the past ten years. A decade ago nanoparticles were studied because of their size-dependent physical and chemical properties. Now they have entered a commercial exploration period [1] . Nanomaterials come in a variety of shapes, sizes, and elemental forms and are currently produced in a wide variety of types for a plethora of applications; fullerenes, carbon nanotubes, metal and metal oxide particles, polymer nanoparticles, and quantum dots are among the most common [2] [3] [4] [5] . At these "nano" sizes, the toxicologic effects of common elements such as carbon, silicon, gold and titanium have not been studied very closely.
(J. Reprod. Dev. 55: [685] [686] [687] [688] [689] [690] 2009) anomaterial technology has become a dynamic and exciting topic in biology over the past ten years. A decade ago nanoparticles were studied because of their size-dependent physical and chemical properties. Now they have entered a commercial exploration period [1] . Nanomaterials come in a variety of shapes, sizes, and elemental forms and are currently produced in a wide variety of types for a plethora of applications; fullerenes, carbon nanotubes, metal and metal oxide particles, polymer nanoparticles, and quantum dots are among the most common [2] [3] [4] [5] . At these "nano" sizes, the toxicologic effects of common elements such as carbon, silicon, gold and titanium have not been studied very closely.
In order for nanoparticles to exert toxicologic effects they must first cross the cell membrane. It is important to study the process by which nanoparticles gain access to the cell because of their possible toxicologic and health implications [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ; however, to date there have been few studies on this area of concern. The increased use of nanoparticles in research, medicine, and the manufacture of consumer products, therefore, creates an urgent need to test the toxic potential of these materials. Considering that nanoparticles can travel to distant locations in the body and move across cell membranes of many types of cells, it is certainly conceivable that nanoparticles travel into GC of the ovarian follicle and disturb steroidogenesis. Therefore, in this study we evaluated the effects of gold nanoparticles on rat GC and organelles involved in steroid synthesis. We used gold nanoparticles because they have the unique ability to spontaneously coat themselves with proteins and use endocytosis to gain access to the cytoplasm and cellular organelles. Gold nanoparticles are also easily visualized by electron microscopy. We hypothesize that these particles will enter ovarian granulosa cells and negatively affect their steroidogenic capabilities. Our aims are (1) to observe whether gold nanoparticles can cross granulosa cell membranes and enter or otherwise affect specific organelles; and (2) to observe gold nanoparticle effects on steroidogenesis by granulosa cells in culture.
Materials and Methods

Exposure of ovarian granulosa cells to 10 nm nanogold particles
Adult female Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) (mean age 234 days, showing two consecutive 4-day estrous cycles), were evaluated as to the day of their cycle by vaginal swabbing. Vaginal swabbing was followed by injection of 30 IU equine chorionic gonadotropin (eCG) (Sigma Aldrich, St. Louis, MO) on metestrus to stimulate follicle growth. The animals were sacrificed approximately 48 h later [19] . There were typically 10 to 15 preovulatory-sized follicles per ovary at time of sacrifice.
Follicles were punctured with a 25-gauge hypodermic needle attached to a 1-cc syringe in order to aspirate the granulosa cells (GC) [19] . The GC from each rat were pooled and layered over 5 ml of a 40% Percoll solution in order to remove red blood cells (RBC). The GC plus Percoll were centrifuged at approximately 500 × g for 25 min three times [20, 21] . After each centrifugation, the GC layer was aspirated from the top of the Percoll column to assure maximal recovery of GC. The purified GC were then counted in a hemacytometer and the concentration adjusted to 250,000 cells per 1.5 ml centrifuge tube. GC were cultured in DMEM/F12 50/50 medium mixture (Mediatech, Herndon, VA, USA), with 5% fetal calf serum (FCS) and with 50 μg/ml gentamycin (Sigma Aldrich), in 5% CO2 in compressed air and 98% relative humidity. Incubations were performed in duplicate. GC were cocultured with 2.85 × 10 10 particles/ml of 10 nm gold in medium for 24 h. After incubation periods of 1, 3, 5, and 24 h, the cells were pelleted and medium samples were collected for estradiol (E2) radioimmunoassay (RIA). Control incubations followed the same procedure, but without nanoparticles. The GC were then fixed and embedded for analysis on a transmission electron microscope (TEM, Hitachi H-600, Hitachi, Pleasanton, CA).
Fixation and analysis of ovarian granulosa cells with the transmission electron microscope (TEM)
After incubating rat GC with 10 nm gold particles, GC were fixed with Karnovsky's fixative (2.5% glutaraldehyde, 3% paraformaldehyde in 0.1 M sodium cacodylate buffer [CB]) for 30 min. Then the GC were washed three times for two min each with 0.1 M CB, pH 7.3 (Electron Microscopy Science, Fort Washington, PA, USA). GC were then pelleted for 5 min at 500 × g. After the washings, each cell pellet was re-suspended in 100 μl of a 2% sterile solution of sodium alginate (alginic acid-sodium salt, low viscosity; Sigma Aldrich) in saline. The mixture was transferred to a syringe with a 25-gauge needle. Microliter-sized amounts of the mixture were dropped into a 50-ml sterile solution of 1% CaCl2 in saline in order to obtain microspheres of GC suspended within the matrix of the cooled sodium alginate. The microspheres of GC were washed three times in 0.1 M CB and postfixed in 1.5% OsO4 (Sigma Aldrich) in 0.1 M CB, pH 7.3, for 1 h at 25 C. The spheres were then washed with 0.1 M CB for approximately one min three times. GC in microspheres were serially dehydrated for 10 min each in a graded series of ethanol from 50 to 100%. GC were infiltrated and embedded overnight in Eponate-12 embedding medium (Electron Microscopy Science, Fort Washington, Pa, USA) [21] . Sections were cut on an ultramicrotome and affixed to 200-mesh EM grids for analysis on the TEM. Images were taken from GC incubated in control medium and GC exposed to 10 nm nanogold in order to compare and contrast any ultrastructural differences in the GC themselves or in organelles among groups. TEM was also utilized to visualize the nanogold particles and to observe whether they entered or otherwise affected organelles inside the GC, and which organelles in particular. All nanoparticles crossing membranes (including nanoparticle agglomerates) were of interest in this study. We wished to evaluate all adverse reactions to the nanoparticles, whether singletons or agglomerates.
Characterization of nanogold particles
Nanogold particles (10 nm) were purchased suspended in double-distilled water from Nanocs (New York, NY) at a concentration of 5.7 × 10 12 particles/ml. They were then diluted in DMEM/F12 50/50 medium mixture with 5% FCS (the same medium in which the cells were cultured), in order to validate whether there was any effect of the medium on the nanogold mixture. After the gold nanoparticles were diluted to the working solution concentration of 2.85 × 10 10 particles/ml, a 10 μl volume of the solution was dropped onto four 400-mesh carbon/formvar-coated grids and allowed to dry. After drying the 10 μl samples, the TEM was used at a voltage of 75 kV in order to visualize the gold nanoparticles on the grids. After visualization of the gold, micrographs were taken of 10 nm gold samples at magnifications of 20000 × (Fig. 1) , 25000 ×, 30000 × and 50000 ×. These images were then used as comparators for nanogold particles observed in all TEM micrographs of GC. Clumping or agglomeration of nanogold particles was sometimes observed outside (Fig.1 ) or within GC, and was most likely due to their coating with proteins within the serum in the complex culture medium, since no clumping was observed in distilled water (unpublished observations).
Radioimmunoassay (RIA) of supernatants from cell culture of granulosa cells incubated with 10 nm gold nanoparticles
GC from 16 rats were incubated with 10 nm nanogold particles over a period of 24 h. Cells were pelleted at 1, 3, 5 or 24 h and medium samples were evaluated for E2 by RIA.
Coat-a-Count Radioimmunoassay Kits were obtained from Diagnostic Products Corporation (Los Angeles, CA), and previously validated for rat [19] . The basic RIA procedure was followed per the manufacturer's instructions but modified with additional 5 and 10 pg/ml standards. Binding of 125 I Estradiol was evaluated by counting each tube for one min on a gamma counter (Cobra II Autogamma, Packard, Downer's Grove, IL). Intra-assay and interassay variations were determined by using aliquots of a single pool of female rat serum (see below). Assay sensitivity was found to be 3 pg E2 per ml.
Data analyses
For analysis of E2 accumulation, GC were first pooled from preovulatory-sized ovarian follicles, and randomly allocated to treatment group (GC were either treated with nanogold particles or designated as control) and incubated in 1.5 ml tubes. Samples of culture medium were assayed for E2 content according to the procedure described above. A total of four assays were performed with samples from nine experiments. E2 values from the pooled female rat serum samples (used as a baseline in each RIA assay) averaged 32.7 pg/ml. The standard error of the mean and interassay coefficient of variation were determined to be 1.45 pg/ml and 16.6% respectively. The intra-assay coefficients of variation for each of the four assays performed were found to be: assay I= 14.45%, assay II=4.66%, assay III=10.84%, and assay IV=11.02%. All data were normalized to account for inter-assay variation; i.e. data adjustments were made by multiplying data by the percent difference between serum pool values from the individual E2 assays and the mean for all pooled samples. After data were normalized, analysis was performed using the SPSS Statistics Package (Chicago, IL). An initial analysis regarding mean E2 output (interaction of time and different-sized nanoparticles) was performed using a two-way analysis of variance (ANOVA, factors being time and nanoparticles). However, the nanoparticle size that could be easily visualized with TEM (i.e., 10 nm) was only used in further analyses. Data at each separate time point, then, were analyzed between control and 10 nm by t-test, and depicted in Fig. 3 . In all cases, P≤0.05 was considered to be significant.
Results
Effect of 10 nm gold particles on ultrastructure of GC
We observed some effects upon ultrastructure of GC when coincubated with 10 nm gold particles, compared with control GC (see Fig. 2a ). Nanogold particles were observed to be in the cytoplasm of the GC by 1 h (not shown), and in cytoplasm and in vacuoles at 3 h (Fig. 2b) . We observed 10 nm nanogold particles infiltrating lipid droplets of GC at 5 h (2c). Nanogold particles were also found in juxtaposition to the outer membrane of healthy mitochondria at the 24-h incubation time as well as inside apparently damaged, swollen mitochondria at both 5 and 24 h (2c, 2d). No translocation of 10 nm gold particles to any organelles of the GC other than mitochondria, lipid droplets or vacuoles was observed for any incubation period from 1 h to and including 24 h.
Effect of nanogold particles on E2 secretion by GC
We evaluated mean E2 output with respect to the presence of nanoparticle at the various time periods using unpaired t-tests. Mean E2 output for the 1-, 3-and 5-h incubations of GC was significantly greater for 10 nm gold co-incubated with GC vs. untreated GC (1 h, df [number of samples in RIA]=8, P=0.023; 3 h, df=5, P= 0.006; 5 h, df=5, P=0.014) (Figs. 3a, 3b, 3c, respectively) .
Mean E2 output for 24-h incubations of GC showed a significant decrease between GC co-incubated with 10 nm gold vs. respective untreated GC (df=4, P=0.034) (Fig. 3d) . The large amount of accumulated estradiol is due to the long-term culture over 24 h, and the units are for the entire 24-h period and not normalized per h.
Discussion
We have demonstrated for the first time that nanoparticles can enter GC of the mammalian ovary and affect steroidogenesis. Coincubation of GC with gold nanoparticles (1) allowed nanoparticles to travel across GC membranes into organelles and potentially alter organelle ultrastructure, and (2) altered estradiol secretion/accumulation in a time-dependent manner. These are important observations since few studies have been published on translocation of nanoparticles into cells [18, [22] [23] [24] [25] [26] [27] , particularly cells of the female reproductive system. Researchers have reported movement of different types of nanoparticles to other areas of the body, but most of these studies described whole-animal studies with injection of nanoparticles or inhalation of these particles [16, 18, 23, 28] . These studies cited evidence for cellular uptake of nanoparticles by other cells of the body after traveling via the bloodstream or lymphatic system [18] and disturbing cellular processes.
Nanoparticles readily travel throughout the body, deposit in target organs, lodge in mitochondria and can trigger injurious responses [29, 30] . Evidence has shown that nanoparticles disturb mitochondrial function and trigger oxidative stress, which makes it imperative that more basic research be performed regarding nanoparticle interactions with subcellular structures [15, 22, 31] . It is of great importance to us to study the toxicologic effects of nanoparticles because the exposure level of these particles is very high. It is estimated that 10 12 -10 14 nanoparticles are ingested per person per day in the Western world [31] . All of these particles have the potential to cause toxicologic responses in the body, especially the reproductive system (much of which is regulated by steroid hormones). It is therefore important to evaluate the effects nanogold particles exert on the steroidogenic GC cells of the ovary [32] . We expect that our research with nanogold can be used as a model to investigate how other types of nanoparticles may act on the ovary.
Our research specifically concluded that nanogold particles of 10 nm entered the GC and certain subcellular organelles, and modulated E2 secretion/accumulation by GC. The gold nanoparticles are blacker (i.e., more electron dense) than are mitochondrial ribosomes and because they appear larger they are probably agglomerated in groups of two or three particles. In our hands, we do see some clumping of nanogold particles in the medium (cf. Fig  1) , most likely due to interactions with proteins in the culture medium serum as the particles coat themselves with proteins. But whether they enter as single nanoparticles or clumps or become clumps inside cells, they do appear to cause effects on E2 release; and they do enter the GC and enter organelles such as the lipid droplets and mitochondria, potentially altering or damaging them.
After co-incubation with gold nanoparticles, GC E2 secretion/ accumulation was significantly different from basal control levels, depending upon the length of incubation. We observed increases in E2 accumulation by cells at 1, 3 and 5 h of incubation, while at 24 h, there was a diminution in E2 secretion. The large amount of accumulated estradiol in control at 24 h is due to the long-term culture over 24 h, and the units shown are for the entire 24-h period and not normalized per h.
After just 1 h of co-incubation with 10 nm gold nanoparticles there was a two-fold rise in E2 accumulation compared with GC incubated in the absence of nanogold. Our transmission electron micrographs of GC at 1 h of incubation suggested to us that this increase in E2 in the medium might be related to the nanogold particles moving across the cell and other membranes of GC (see Fig.  2 ). This is important because it is known that receptor-mediated endocytosis is the process by which nanoparticles are taken up by cells [8, 11, 12, 16, 27] . It is logical to believe, then, that the gold particles might be binding to membranes of the mitochondria thereby affecting their functions, and potentially altering activity of the side-chain cleavage (SCC) enzyme. This steroidogenic enzyme is located on the inner membrane of mitochondria and converts cholesterol to pregnenolone [33] [34] [35] . It is also conceivable that short-term nanogold co-culture increased permeability of mitochondria and of other organelles and cell membranes so as to augment E2 efflux from the cell and accumulation into the sur- rounding medium, but not necessarily enhancing synthesis/ secretion of E2 or its precursors so as to modulate actual steroidogenesis.
There might also be an increase in the amount of E2 released from the GC not only if cell membrane permeability were increased but also steroid precursor were released from storage in lipid droplets [33, 36, 37] . This seems logical based on our RIA data (refer to Fig. 3) , as well as our electron micrographs (Fig. 2) . We observed in our micrographs at 1 and 3 h of co-culture that nanogold was found near the outer membranes of mitochondria and inside mitochondria. If one then compares the RIA data at the same time periods, one finds that there is an increase in E2 accumulation. At 5 h of co-incubation, there is additional evidence for increased E2 accumulation. Based on our data we propose that this is due to altered permeability as stated above. At 5 h of incubation, our TEM micrographs show that there is nanogold infiltration into lipid droplets (see Fig. 2c ), and possible disruption of some mitochondrial membranes. These micrographs in conjunction with our E2 data suggest that perhaps the nanogold inside the lipid droplets also allowed for efflux of free precursor steroid (or sterol such as cholesterol) for steroidogenesis, and estrogen accumulation could thereby be perceived to rise. However, at 24 h, some mitochondria appeared disrupted or damaged (with loss of cristae [cf. Fig. 2d]) , and this may have severely impaired the steroidogenic machinery, inhibiting E2 output by GC. There is evidence of receptor-mediated endocytosis causing nanoparticles to translocate to cells and alter mitochondrial function [8] . At 24 h, there is also a dichotomous effect on steroid accumulation exhibited by the nanoparticles. The loss of mitochondrial function after efflux of accumulated steroid earlier (displayed in Fig. 2d ) we believe to be the cause of the decreased E2 secretion of GC compared with control levels at this later time period. We hypothesize that there is so much putative disruption of mitochondria in the GC at 24 h that they cannot convert cholesterol to pregnenolone, and this therefore inhibits the subsequent production of E2.
Since there are no studies of nanoparticle effects on the female reproductive tract, much of our data must be interpreted without supporting information by other researchers regarding nanoparticles. It is logical to extend our experiments to evaluate potential disruption of specific steroidogenic enzyme genes and protein and StAR protein at the level of the mitochondria during incubation periods of 1, 3 and 5 h to support our hypothesis, and we are doing so currently. It would be especially helpful to investigate the enzyme Cyp 11a (SCC), which directly converts cholesterol to pregnenolone in the mitochondria of GC [33] [34] [35] [36] 38] . Follow-up studies in the more difficult in-vivo model system are planned so as to corroborate these endocrine-disrupting findings in the whole animal [39] .
In conclusion, nanogold particles were observed in ovarian GC and within certain subcellular organelles, such as mitochondria, vacuoles, and lipid droplets. The infiltration of 10 nm nanogold particles apparently increased estradiol accumulation by (and presumably efflux from) GC at 1, 3 and 5 h. At 24 h, GC co-incubated with nanogold exhibited a drop in E2 secretion. This latter effect was possibly due to detrimental changes in mitochondria to the point that the conversion of cholesterol to pregnenolone was greatly reduced, inhibiting the eventual synthesis of E2 as well.
